Abstract: Nuclear magnetic resonance (NMR) studies have benefited tremendously from the steady increase in the strength of magnetic fields.Spectacular improvements in both sensitivity and resolution have enabled the investigation of molecular systems of rising complexity.A tv ery high fields,t his progress may be jeopardized by line broadening, whichi sd ue to chemical exchange or relaxation by chemical shift anisotropy. In this work, we introduce at wo-field NMR spectrometer designed for both excitation and observation of nuclear spins in two distinct magnetic fields in as ingle experiment. NMR spectra of several small molecules as well as ap rotein were obtained, with two dimensions acquired at vastly different magnetic fields.R esonances of exchanging groups that are broadened beyond recognition at high field can be sharpened to narrow peaks in the low-field dimension. Tw o-field NMR spectroscopye nables the measurement of chemical shifts at optimal fields and the study of molecular systems that suffer from internal dynamics,a nd opens new avenues for NMR spectroscopya tv ery high magnetic fields.
The ability of nuclear magnetic resonance (NMR) to probe the chemical and physical properties of matter at atomic resolution renders it au niversally applicable spectroscopic method for molecular chemistry,m aterial science,s tructural biology,and medicine.The ubiquity of NMR spectroscopy has greatly benefited from the enhanced resolution and sensitivity offered by high magnetic fields and the introduction of twoand multidimensional NMR experiments. [1] Severe line broadening,w hich is due to micro-to millisecond dynamics (known as "chemical exchange"), occurs in many chemical and biological systems. [2] Such line-broadening effects are often exacerbated at high fields.H ence,c hemists and biologists face ad ilemma:T hey must choose between good sensitivity and resolution at high fields and more favorable linewidths and relaxation rates at lower fields.
Magnetic-field-dependent properties can be probed by ab road range of NMR techniques that explore two or more fields in asingle experiment, as in fast field-cycling relaxometry, [3] zero-field NMR, [4] dynamic nuclear polarization, [5] and other methods. [6] Such systems have enabled the characterization of ah ost of properties of magnetic resonance imaging, [7] and particularly of contrast agents, [8] materials, [9] as well as macromolecules. [10] However,t ot he best of our knowledge,noexperiment has ever been proposed that allows one to correlate chemical shifts at two different fields.T he requirement that both fields should be homogeneous has thus far been af ormidable obstacle.H erein, we introduce at wofield NMR spectrometer and illustrate its potential for highresolution two-field NMR spectroscopy.T he benefits of high fields (sensitivity and resolution) and low fields (line narrowing despite chemical exchange) can thus be combined. This approach can yield high-resolution chemical-shift correlations between high and low fields,f or example,i nh eteronuclear (e.g., 1 H-13 C) spin systems in small molecules and proteins alike.W es how that signals of methyl groups that cannot be detected at 14.1 Tb ecause of chemical exchange can be recovered by two-field correlation spectroscopy.T his work shows how awide range of molecules and biomolecules prone to excessive broadening by chemical exchange can be studied by NMR spectroscopy.T wo-field NMR spectroscopy paves the way to an ew generation of NMR spectrometers,w here multiple fields can be explored in the course of as ingle experiment to achieve an optimal combination of sensitivity, resolution, and spectral information.
Our two-field NMR spectrometer is based on ac ommercial NMR spectrometer at 14.1 T(600 MHz for protons) with as eries of new accessories (Figure 1 ). First, as ystem was designed to obtain areasonably homogeneous field "plateau" at 0.33 Ti nt he stray field of the 14.1 Ts uperconducting magnet, with ah omogeneity of about 10 ppm over the 2cm length of the sample (see the Supporting Information, Figure S1 ). Ap atterned structure of soft magnetic materials, known as ferroshims,w as optimized. [5a, 11] Al ow-field triple resonance probe ( 15 N, 13 C, 1 H) equipped with as ingle-axis gradient was designed and combined with radiofrequency(rf) synthesizers and amplifiers operating at 1.42, 3.52, and 14.1 MHz. Finally,apneumatically driven sample shuttle [3f] ensures fast transfer between the two magnetic centers.T he time required for transfer between the high and low fields is about 100 ms.
High-resolution zero-quantum spectra can be obtained for heteronuclear systems provided that the effective chemical shift evolution is carefully tailored. [12] Herein, we introduce atwo-field heteronuclear zero-quantum correlation experiment (2F-HZQC), where az ero-quantum 13 C-1 H coherence evolves under the difference of the offsets of 13 C and 1 Hwith respect to the relevant carrier frequencies at low field, while single-quantum 1 Hc oherences are detected at high field. Theexperiment is based on asimple sequence for heteronuclear multiple quantum coherence (HMQC) [13] and related to methyl HZQC experiments [14] with the following modifications ( Figure 2a ): At wo-spin order 2H z C z is generated before each transfer between the high-and low-field centers,azero-quantum 13 C-1 Hc oherence is selected by phase cycling at low field, [15] and a1808 8 pulse is used to scale the 1 Hoffset down by the ratio of the gyromagnetic ratios, g C / g H = 0.2514, in the indirect dimension. Thee volution of the coherence at low field is thus determined by acombination of the 13 Ca nd 1 Hc hemical shifts:
. This combination is immune to line broadening that is due to magnetic-field inhomogeneities.
Thec ontributions of the latter to the linewidth in the indirect dimension is significantly reduced by the tailored zero-quantum sequence of Figure 2a (Figure 2b ). In the natural-abundance high-resolution [ 1 H, 13 C] 2F-HZQC spec- All pulses were applied along the x axis of the rotating frame unless otherwise indicated. The phases are cycled as follows: f 1 = x, Àx; f 2 = 4{x}, 4{y}; f 3 = 2{x}, 2{Àx}, 2{y}, 2{Ày}; with the receiver phase f acq = x, Àx, Àx, x.The phase f 3 was incremented following the TPPI scheme. [17] The delays were t a = 1/(4 J CH )w ith J CH = 125 Hz. d comprises the length of the gradient and the gradient recovery delay, t 1 = (t 0 + n 1 Dt 1 ) c, t 2 = (t 0 + n 1 Dt 1 )(1Àc), t 3 = t 0 (2cÀ1) + n 1 Dt 1 (cÀ0.5), t 4 = t 0 (1Àc), and t 5 = t 0 c. Dt 1 is the time increment in the indirect dimension,a nd n 1 is the index of the time increment. c = (g C /g H + 1)/2 = 0.6257. The gradients G 1 , G 2 ,a nd G 3 of 0.9 ms duration were applied along the z axis with respective amplitudes of 10 Gcm À1 ,1 5Gcm
À1
,a nd G 3 = 2(g C /g H )G 1. GARP composite pulse decoupling [18] was applied on the 13 Cchannel during detection with w 1GARP /2p = 2.08 kHz. b) Natural-abundance { ( Figure 2b) , the methyl signals of both butanol and acetone have full linewidths at half height below 1ppm. Thes inglequantum 13 Cc hemical shifts at low field can be obtained after ashearing transformation of the spectrum, as the proton chemical shifts do not depend on the magnetic field. The spectrum has as imilar appearance as ac onventional highfield heteronuclear single-quantum coherence (HSQC) correlation [16] spectrum ( Figure S3 ). Theg enerality of two-field NMR spectroscopy was further demonstrated with ap rotein in solution (Figure 3) .
Ah igh-resolution 2F-HZQC spectrum was obtained for as ample of human ubiquitin (1.5 mm,p H4.5) with specific isotope labeling on the d 1 13 C 1 H 3 methyl groups of its seven isoleucine residues with a 2 H, 12 Cb ackground. [19] Then arrow linewidths in the indirect dimension are likely due to relaxation interference effects,i nt he manner of transverse optimized relaxation spectroscopy (TROSY). [20] Thesensitivity is sufficient to obtain such aspectrum in nine hours.W eak artifacts appear 2.7 ppm away from the most intense peaks in the indirect dimension. Thedetails of this spectrum will be the subject of aforthcoming study.
Most chemical and biological systems suffer from exchange broadening.I nm any organic molecules and biomolecules,t his effect can be subtle and merely gives rise to slight perturbations in the NMR spectra. In other instances, for example,w hen labile protons undergo exchange with as olvent, or in so-called molten globules, [21] chemical exchange may lead to dramatic spectral broadening,w hich can prevent any NMR measurement. Thel ine broadening that is due to R ex strongly depends on the magnetic field B 0 ,so that reducing the field may have dramatic effects on the linewidths.
Here,w ec ombined the excellent sensitivity and resolution achieved at high fields with the dramatic reduction of exchange-induced line broadening at low fields.At14.1 T, the 13 Csignals of the two methyl groups of the dimethyl triazene compound [22] shown in Figure 4a are in slow exchange at 21 8 8C. Line-shape analysis based on Markov chain Monte Carlo (MCMC) methods [23] provides a k ex (21 8 8C) value of 1700 s À1 (Figure 4b and Figure S5 ). Thes ystem approaches coalescence at 26 8 8C ( Figure 4c ). At 31 8 8C, the resonances of the exchanging methyl groups are broadened beyond detection (Figure 4d ). Forc omparison, the peak of the resonance of the non-exchanging methoxy group is at least 1000 times more intense ( Figure S6 ). Thedecay rate of the 13 Ccoherence was estimated to be about 1000 s À1 at 14.1 Tfor an estimated k ex (31 8 8C) value of 3400 s
.A t0 .33 T, the exchange contribution is predicted to be dramatically reduced to 1.9 s À1 , corresponding to al ine narrowing by af actor of 500. Remarkably,t he signal that is due to the exchanging methyl groups is readily observable in the two-field correlation spectra and barely affected over the whole temperature range (Figure 4e-g ). These spectra were recorded with a2F-HZQC sequence (see Figure S2) . Very high fields above 1GHz will soon become available, but their possible drawbacks are hard to predict. Chemical exchange can lead to severe line broadening,a nd carbon-13 relaxation by chemical shift anisotropy (CSA) can become am ajor limitation. Many multidimensional NMR experiments include delays for evolution under chemical shifts that may not be optimal at one and the same field for all nuclei. In some cases,t he best fields may be extremely high (e.g., to reduce the effects of second-order quadrupolar couplings). [24] Fors ingle-quantum evolution of carbonyl 13 Cn uclei in large proteins,t he optimal magnetic field lies below 14 T. [25] The transverse 13 Cr elaxation rates in proteins have been predicted to be minimal between about 2and 5T . [26] On the other hand, the optimal field may be close to 1GHz for TROSY of amide 15 N-1 Hp airs. [27] Two-field NMR spectroscopy offers the possibility of manipulating spins such as 15 N, 13 C, or 31 Pat afield that is most appropriate for them, and detecting signals of other nuclei such as 1 Ha tah igher field where the best resolution and sensitivity can be achieved. Theeffects of field inhomogeneities can be greatly reduced by exploiting zeroquantum coherences.T he superb resolution and sensitivity that can be achieved at high fields can thus be combined with the favorable properties offered by low fields.Most high-field NMR systems may be turned into two-field spectrometers with aplateau at 0.33 T. Thedesign of the ferroshims requires as imple optimization for each type of superconducting magnet. Tw o-field systems with al ow-field center above 0.5 Ts hould rely on other technologies that are currently available [28] to obtain as econd magnetic-field plateau. This study marks the beginning of an ew generation of multiplefield NMR experiments,and opens the way to the characterization of aw ide variety of systems.
